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Abstract 

Deployed on a commercial airplane, proton exchange membrane fuel cells may offer emissions 

reductions, thermal efficiency gains, and enable locating the power near the point of use.  This 

work seeks to understand whether on-board fuel cell systems are technically feasible, and, if so, 

if they offer a performance advantage for the airplane as a whole. 

Through hardware analysis and thermodynamic and electrical simulation, we found that while 

adding a fuel cell system using todayôs technology for the PEM fuel cell and hydrogen storage is 

technically feasible, it will not likely give the airplane a performance benefit.  However, when 

we re-did the analysis using DOE-target technology for the PEM fuel cell and hydrogen storage, 

we found that the fuel cell system would provide a performance benefit to the airplane (i.e., it 

can save the airplane some fuel), depending on the way it is configured. 
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Summary  
Fuel cells have become increasingly important as alternative sources of power, offering the potential for 

drastic reduction in emissions in particulate matter (PM), nitrogen oxides (NOx), and CO2.  In addition, 

they offer exceptionally quiet operation, highly efficient use of the fuel energy, and a high energy 

storage density compared to batteries.  For a number of years, the manufacturers of commercial 

aircraft, most notably Boeing and Airbus, have realized that fuel cells may offer advantages for 

commercial aircraft operation.  Apart from emissions reductions and thermal efficiency referenced 

above, they can constitute distributed power systems, enabling locating the power near the point of use 

and also reducing the power draw from the engines.   

The real question is if fuel cells offer operational advantages over traditional power in systems that are 

used routinely in flight, for example galley power, in flight entertainment, and to provide additional 

ǇƻǿŜǊ ǘƻ ǘƘŜ ŀƛǊŎǊŀŦǘ ŜƭŜŎǘǊƛŎŀƭ ƎǊƛŘ ǿƘŜƴ άǇŜŀƪŜǊέ ǇƻǿŜǊ ƛǎ ƴŜŜŘŜŘΦ  ¢Ƙƛǎ ƛƴǘŜǊŜǎǘ ƛƴ ǘƘŜ ǳǎŜ ƻŦ ŦǳŜƭ ŎŜƭƭǎ 

is timely, as the electrical needs on-board are going up considerably, with systems that were formerly 

hydraulic in operation are converted to electric operation [1].  For the new Boeing 787, the aircraft-wide 

electrical generation capacity is 1.5 MW ς almost an order of magnitude larger than previous designs.  

This study, then, is an initial investigation of the use of proton exchange membrane (PEM) fuel cells on-

board commercial aircraft.   We seek to understand how to physically deploy a fuel cell on an aircraft, 

understand the impact on system volume, weight, and to understand the impact on jet fuel 

consumption, both in relation to fuel currently devoted to electricity generation, and the overall fuel 

needed by the airplane to fly a given mission. 

To accomplish this analysis, two basic airplane designs were considered: one airplane without a fuel cell 

(the base airplane), and one airplane designed to perform the same mission as the first airplane, only 

carrying a fuel cell and associated hardware to fulfill a specific electrical need.  The difference in the 

performance of these two airplanes is made quantitative by calculating the fuel required to fly the 

mission in the two cases, which requires understanding the influence of weight and drag.  Calculating 

the required fuel also allows us to assess fuel use as it directly relates to power generation on the 

airplane.  The key point here is that we assess not only the benefit of the fuel cell on generating 

electricity, but also the penalty ǘƘŜ ŦǳŜƭ ŎŜƭƭ ǎȅǎǘŜƳ Ƙŀǎ ƻƴ ǘƘŜ ŀƛǊǇƭŀƴŜΩǎ ǇŜǊŦƻǊƳŀƴŎŜ ŘǳŜ ǘƻ ƛǘǎ ŀdded 

weight and possibly drag.  Combining these two is necessary to determine the overall effect of the fuel 

cell system. 

We performed the analysis by designing and examining several system options using realistic 

assumptions about performance and size of the various components.  After assessment of the available 

state of the art in commercially-available PEM fuel cells, the Hydrogenics HyPM 12 PEM fuel cell was 

chosen as a unit representative of the industry.  For hydrogen storage, several options were considered: 

350 bar compressed gas, 700 bar compressed gas, metal hydrides, and liquid.  350 bar compressed gas 

was selected for use in the analysis due to its combination of high specific energy and current 

availability.  Other equipment such as heat exchangers, blowers, and pumps were all selected based on 

commercially available units with the specifications appropriate for the system.  For the electrical 

components, a ±270 Volt DC distribution system provided the lowest system weight, although the 
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increase in weight due to a 230 Volt AC system was less than 50 kg (110 lb).  Both of these options 

provide the advantage of direct interface with the existing electrical system on the 787. 

After consideration of factors such as safety, available space, maintenance, and wiring and tubing/piping 

ƭŜƴƎǘƘǎΣ ǿŜ ŎƘƻǎŜ ǘƻ ƭƻŎŀǘŜ ǘƘŜ ŦǳŜƭ ŎŜƭƭ ǎȅǎǘŜƳ ƛƴ ǘƘŜ ŀƛǊǇƭŀƴŜΩǎ ŦŀƛǊƛƴƎ ŀǊŜŀ όǿƘŜǊŜ ǘƘŜ ǿƛƴƎǎ Ƨƻƛƴ ǘƘŜ 

fuselage), although locating the system in the tail cone would not change the results by much.  Locating 

the fuel cell system next to the load it serves could save up to 150 kg (331 lb) of mass and provide some 

redundancy benefits, but this was avoided because of the concern with occupying space that is currently 

used for other purposes. 

The amount and method of recovering the heat rejected from the fuel cell (waste heat recovery) was 

found to be a critical factor in determining the performance benefit of the fuel cell system.  To this end, 

eleven different waste heat recovery options were examined thermodynamically.  We found that a 

system that uses the heat from the fuel cell to pre-heat the jet fuel carried by the airplane will provide 

the largest overall performance benefit.  This method of heat recovery is already used in commercial 

airplanes within the engine compartment, where the lubrication oil is cooled by jet fuel, and it is more 

ǳōƛǉǳƛǘƻǳǎ ƛƴ ƳƛƭƛǘŀǊȅ ŀƛǊŎǊŀŦǘ ǿƘŜǊŜ ǘƘŜ ŦǳŜƭ ƛǎ ǳǎŜŘ ǘƻ Ŏƻƻƭ Ƴŀƴȅ ƻŦ ǘƘŜ ŀƛǊǇƭŀƴŜΩǎ ǎȅǎǘŜƳǎΦ 

²Ŝ ŎƻƴǎƛŘŜǊŜŘ ǘƘŜ ƛƴǘŜƎǊŀǘƛƻƴ ƻŦ ǘƘŜ ŦǳŜƭ ŎŜƭƭ ǎȅǎǘŜƳ ǿƛǘƘ ǘƘŜ ŀƛǊǇƭŀƴŜΩǎ ŜƭŜŎǘǊƛŎŀƭ ǎȅǎǘŜƳΣ for it is 

necessary to ensure that the addition of the fuel cell system does not disrupt the electrical system or 

cause instabilities.  Through dynamic simulation we found that the fuel cell system performed 

satisfactorily whether connected to the airplaneΩǎ ǎȅǎǘŜƳ ƻǊ ŀǎ ŀ ǎǘŀƴŘ-alone system.  In fact, our results 

indicate that the integration of the fuel cell system with the existing electrical system may provide a 

faster response to load changes. 

In the end, we found that while adding a fuel cell system uǎƛƴƎ ǘƻŘŀȅΩǎ ǘŜŎƘƴƻƭƻƎȅ ŦƻǊ ǘƘŜ t9a ŦǳŜƭ ŎŜƭƭ 

and hydrogen storage is technically feasible, it will not give the airplane a performance benefit no 

matter which configuration was chosen (although there may be other benefits that make it worthwhile 

from the ŀƛǊǇƭŀƴŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƻǊ ŀƛǊƭƛƴŜΩǎ Ǉƻƛƴǘ ƻŦ ǾƛŜǿύΦ  IƻǿŜǾŜǊΣ ǿƘŜƴ ǿŜ ǊŜ-did the analysis using 

DOE-target technology for the PEM fuel cell and hydrogen storage, we found that the fuel cell system 

would provide a performance benefit to the airplane (i.e., it can save the airplane some fuel), depending 

on the way it is configured.  This analysis also showed that the DOE-target technology fuel cell system 

could generate electricity using over 30% less fuel than the current airplane, even considering the 

penaƭǘƛŜǎ ŘǳŜ ǘƻ ǘƘŜ ŦǳŜƭ ŎŜƭƭ ǎȅǎǘŜƳΩǎ ǿŜƛƎƘǘ ŀƴŘ ŘǊŀƎΦ  LŦ ŀ ŦƭŜŜǘ ƻŦ мΣллл ŀƛǊǇƭŀƴŜǎ ǿŜǊŜ ŜǉǳƛǇǇŜŘ ǿƛǘƘ 

such systems, it could save over 20,000 metric tons of CO2 annually. 
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Acronyms 

ACH Air Changes per Hour 

APU Auxiliary Power Unit 

DOE Department of Energy 
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FAA Federal Aviation Administration 

HHV  Higher Heating Value  

IFE In-flight Entertainment 

LH2 Liquid hydrogen 

MEA More Electric Airplane (airplanes), or Membrane Electrode Assembly (fuel cells) 
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PEM Proton Exchange Membrane 

PEMFC Proton Exchange Membrane Fuel Cell 

PI  Proportional-Integral 
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V-i Voltage-current 

 

Symbols 

a Speed of sound 

cT Thrust specific fuel consumption 

CL Coefficient of lift 

CD Coefficient of drag 

CDL Drag due to the creation of lift 

CDO Parasitic drag 

E Nernst Voltage 

F Faraday constant 

I  Stack current 

iL Limiting current density  

io Exchange current density 

K A constant 

M Mach number 

ά  Mass flow rate  

N  Number of cells in the stack  

n  Number of electrons transferred per mole of reactant 

P Electrical and/or thermal power delivered by the system 
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R Range of the airplane 
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W2 Airplane final weight (landing weight as used) 
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h Thermal efficiency  
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1 Introduction  
Fuel cells have become increasingly important as alternative sources of power, offering the potential for 

drastic reduction in emissions in particulate matter (PM), nitrogen oxides (NOx), and CO2.   In addition, 

they offer exceptionally quiet operation, highly efficient use of the fuel energy, and a high energy 

storage density compared to batteries.  For a number of years, the manufacturers of commercial 

aircraft, most notably Boeing and Airbus, have realized that fuel cells may offer advantages for 

commercial aircraft operation.  Apart from emissions reductions and thermal efficiency referenced 

above, they can constitute distributed power systems, enabling locating the power near the point of use 

(reducing wiring) and also reducing the power draw from the engines.   

Recently the German Aerospace Center (DLR) has conducted successful flight tests of a fuel cell power 

system for hydraulic backup power [2], and a fuel cell-powered nose wheel drive motor [3].  In addition, 

Boeing has been examining the use of fuel cells for on-board electrical power generation for at least the 

past 10 years, including for distributed power systems  [4-7].  A few years ago, Boeing sponsored a 

Sandia study which examined the use of a PEM fuel cell for a ram air turbine (RAT) emergency power 

backup system [8].  The results of that study (SAND report 2007-4542P) indicated that the fuel cell could 

successfully replace a conventional RAT, but offered little performance advantages. 

Realizing that it may be difficult to introduce fuel cells directly on aircraft without some prior 

experience, there has been increasing interest in the use of fuel cells in aviation ground support 

equipment (GSE).  Both Boeing and the US Department of Energy (DOE) have funded Sandia to design 

and construct a fuel cell based mobile lighting system to replace existing mobile lights that use diesel 

generators.  This project has led to the first commercial offering of a fuel cell based piece of construction 

equipment (the fuel cell mobile light) by Multiquip, Inc. 

Turning attention back to on-board uses, the DOE became interested in examining in a broad way if fuel 

cells might offer an operational advantage over traditional on-board power systems (generators based 

off the jet engines).  The purpose was to go beyond the rather narrow application of a RAT, which itself 

is rarely used.  The real question is if fuel cells offer operational advantages over traditional power in 

systems that are used routinely in flight, for example galley power, in flight entertainment, and to 

ǇǊƻǾƛŘŜ ŀŘŘƛǘƛƻƴŀƭ ǇƻǿŜǊ ǘƻ ǘƘŜ ŀƛǊŎǊŀŦǘ ŜƭŜŎǘǊƛŎŀƭ ƎǊƛŘ ǿƘŜƴ άǇŜŀƪŜǊέ ǇƻǿŜǊ ƛǎ ƴŜŜŘŜŘΦ  ¢Ƙƛǎ ƛƴǘŜǊŜǎǘ ƛƴ 

the use of fuel cells is timely, as the electrical needs on-board are going up considerably as systems that 

were formerly hydraulic in operation are converted to electric operation [1].  For the new Boeing 787, 

the aircraft-wide electrical generation capacity is 1.5 MW ς almost an order of magnitude larger than for 

previous designs.  This study, then, is an initial investigation of the use of fuel cells on-board commercial 

aircraft.   This study is limited to PEM fuel cells.  We seek to understand how to physically deploy a fuel 

cell on an aircraft, understand the impact on system volume, weight, and to understand the impact on 

jet fuel consumption, both in relation to fuel currently devoted to electricity generation, and the overall 

fuel needed to fly a given mission. 
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1.1 Content of the Report  
This introduction is meant to orient the reader to the topic, and also to the particular aspects that this 

study addresses.  It includes background information on fuel cells used on airplanes, highlights of the 

insights learned from the study, and a description of the approach. 

While this report assumes a general familiarity with fuel cells and energy systems, it does not assume 

anything beyond popular knowledge of commercial airplanes or airplane systems.  Therefore, Chapter 2 

introduces the reader to the key concepts needed to understand the airplane application.  These 

concepts are useful to understand the context and implications of putting a fuel cell system on-board a 

commercial airplane.  This includes the critical aspect of how to account for the effect of the fuel cell 

system on airplane performance. 

Chapter 3 describes the components that make up the PEM fuel cell system and the issues related to 

ǊŜŎƻǾŜǊƛƴƎ ǘƘŜ ǿŀǎǘŜ ƘŜŀǘ ŀƴŘ ǘƘŜ ǎȅǎǘŜƳΩǎ ƭƻŎŀǘƛƻƴ ƻƴ ǘƘŜ ŀƛǊǇƭŀƴŜ.  It includes background information 

on fuel cells and hydrogen storage, as well as the specific information needed to estimate the size and 

performance of the components.  Estimated uses of waste heat are discussed.  A description of the 

options for locating the system on the airplane along with pros and cons of each option are also 

described. 

Chapters 4 and 5 gives the details on the thermodynamic and electrical models, respectively, used to 

simulate the different on-board systems.  This includes specific model components, calculations, 

assumptions, and inputs. 

Chapter 6 presents the results of the analyses.  It begins with the results related to system design and 

feasibility; that is, how the system would be best installed on the airplane, the thermodynamic 

performance of the various heat recovery options, and the selection of systems that give the best 

overall performance benefit to the airplane.  The second section of the chapter explores in more detail 

the systems selected from the first section for their performance serving combinations of the various 

possible electrical loads.  The last section of the chapter shows the results using the exact same method, 

but with future technology assumed for the fuel cell and hydrogen storage, to forecast what the effect 

on the airplane would be if DOE targets for these technologies are met.  

Finally, Chapter 0 provides the overall conclusions and recommendations that result from this study, as 

well as some suggestions on future work to further enable the energy efficiency benefits that may result 

from deploying PEM fuel cells on commercial airplanes. 

Some questions that this report answers are: 

1. Is it technologically feasible to install and operate a PEM fuel cell system on-board a commercial 

airplane?   

¶ It is feasible and possible uǎƛƴƎ ǘƻŘŀȅΩǎ ǘŜŎƘƴƻƭƻƎȅ ŦƻǊ ŀƭƭ ŎƻƳǇƻƴŜƴǘǎΦ  IƻǿŜǾŜǊΣ ŀ ǎȅǎǘŜƳ ƳŀŘŜ 

with ǘƻŘŀȅΩǎ ŦǳŜƭ ŎŜƭƭ ŀƴŘ ƘȅŘǊƻƎŜƴ ǎǘƻǊŀƎŜ ǘŜŎƘƴƻƭƻƎȅ may not be able to provide an overall 

performance benefit to the airplane (see next question). 

2. How does using future technology, such as DOE-target technology for the fuel cell and hydrogen 

storage, affect the results? 
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¶ Contrary to systems using current technology, some systems using DOE-target technology for 

the fuel cell and hydrogen storage system were shown to offer performance benefits to the 

airplane. 

3. Because the fuel cell system is small compared to the entire airplane, can the effect of its size on 

ǘƘŜ ŀƛǊǇƭŀƴŜΩǎ ǇŜǊŦƻǊƳŀƴŎŜ ōŜ ƴŜƎƭŜŎǘŜŘΚ   

¶ No.  The addition of a fuel cell system adds mass, and possibly drag, to the airplane.  While this 

ǇŜƴŀƭǘȅ Ƴŀȅ ōŜ ǎƳŀƭƭ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ŜƴǘƛǊŜ ŀƛǊǇƭŀƴŜΣ ƛǘ ƛǎ ƴƻǘ ǎƳŀƭƭ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ŦǳŜƭ ŎŜƭƭΩǎ 

benefit.  QǳŀƴǘƛŦƛŎŀǘƛƻƴ ƻŦ ǘƘƛǎ ǇŜƴŀƭǘȅ ŀƴŘ ŎƻƳōƛƴƛƴƎ ƛǘ ǿƛǘƘ ǘƘŜ ŦǳŜƭ ŎŜƭƭΩǎ ōŜƴŜŦƛǘ ƛǎ ƴŜŎŜǎǎŀǊȅ 

to determine the overall effect of the fuel cell system. 

4. 5ƻŜǎ ǘƘŜ ŀŘŘƛǘƛƻƴ ƻŦ ǘƘŜ ŦǳŜƭ ŎŜƭƭ ǎȅǎǘŜƳ ŀŘǾŜǊǎŜƭȅ ŀŦŦŜŎǘ ǘƘŜ ŀƛǊǇƭŀƴŜΩǎ ŜȄƛǎǘƛƴƎ ŜƭŜŎǘǊƛŎŀƭ ǎȅǎǘŜƳΚ 

¶ There is no adverse effect.  The system remains stable and meets the specifications (MIL-STD-

704F) for transient responses.  In fact, the electrical system with a fuel cell attached was shown 

to have a faster transient response than the existing system. 

5. How important is it to recover waste heat and liquid water from the fuel cell? 

¶ Very important.  Recovery of waste heat and liquid water is what may allow the fuel cell system 

ǘƻ άǇŀȅ ŦƻǊ ƛǘǎŜƭŦέ όƛΦŜΦΣ ƻŦŦǎŜǘ ƛǘǎ ǿŜƛƎƘǘ ƛƴŎǊŜŀǎŜύ ŀƴŘ Ǉƻǎǎƛōƭȅ ǇǊƻǾƛŘŜ ŀ ǇŜǊŦƻǊƳŀƴŎŜ ōŜƴŜŦƛǘ ǘƻ 

the airplane. 

6. Iƻǿ ŘƻŜǎ ǘƘŜ ŎƘƻƛŎŜ ƻŦ ƭƻŀŘ ŀŦŦŜŎǘ ǘƘŜ ŦǳŜƭ ŎŜƭƭ ǎȅǎǘŜƳΩǎ ǇŜǊŦƻǊƳŀƴŎŜΚ 

¶ A load that requires the fuel cell to operate as close as possible to full load throughout the flight 

will provide a larger performance benefit than one that operates at part load or only for 

portions of the flight.  The reason is the recovery of waste heat and water, as indicated in the 

previous question.  That being said, there may be other reasons to operate a fuel cell sparingly 

during flight, such as durability concerns. 

7. What are some methods to recover the waste heat on-board the airplane? 

¶ While heating water is one method, the amount of heat generated by the fuel cell exceeds the 

ŀƳƻǳƴǘ ƻŦ Ƙƻǘ ǿŀǘŜǊ ƴŜŜŘŜŘΦ  LƴǎǘŜŀŘΣ ƘŜŀǘƛƴƎ ǘƘŜ ŀƛǊǇƭŀƴŜΩǎ ƧŜǘ ŦǳŜƭ ŀōǎƻǊōǎ ŀƭƭ ǘƘŜ ŦǳŜƭ ŎŜƭƭΩǎ 

ƘŜŀǘ ŀƴŘ ǇǊƻǾƛŘŜǎ ŀ ǇŜǊŦƻǊƳŀƴŎŜ ōŜƴŜŦƛǘ ǘƻ ǘƘŜ ŀƛǊǇƭŀƴŜΩǎ ŜƴƎƛƴŜ ŜŦŦƛŎƛŜƴŎƛŜǎΦ 

8. Where should the fuel cell and hydrogen storage be located? 

¶ The fairing (area around where the wings intersect the fuselage) and tail cone offer similar 

benefits, including available space.  For this study, the fairing is chosen.  Locating the fuel cell 

near the load could provide redundancy benefits and reduce piping, tubing, and wiring mass, 

but the effect is small and it is likely to occupy space that is currently used for other purposes. 

9. What electrical distribution methods are feasible? 

¶ A ± 270 Volt DC distribution system was found to be the lowest-mass system.  However, either 

this or a 230 Volt AC system is feasible.  Low voltage (e.g., 50 Volt DC) systems are not feasible 

due to very high current requirements. 

10. What effect could a fuel cell system have on electrical generation efficiency and CO2 emissions? 

¶ Including the penalty associated with carrying the fuel cell system on-board, using a PEM fuel 

cell system could decrease the amount of jet fuel needed to generate electricity by over 30%.  

The amount of CO2 that could be avoided by a fleet of PEM fuel cell equipped airplanes could be 

over 20,000 metric tons per year (assuming renewable hydrogen is used to power the fuel cell). 
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1.2 Analysis Approach  
The purpose of this study is to find how deployment of a fuel cell on a commercial airplane in a number 

of different uses would affect the electrical infrastructure of the airplane and the overall performance of 

the aircraft.  To accomplish this, two basic airplane designs were considered: one airplane without a fuel 

cell (the base airplane), and one airplane designed to perform the same mission as the first airplane, 

only carrying a fuel cell and associated hardware to fulfill a specific electrical need.  The difference in the 

performance of these two airplanes is made quantitative by calculating the fuel required to fly the 

mission in the two cases, which requires understanding the influence of drag.  Calculating the required 

fuel also allows us to assess fuel use as it directly relates to power generation on the airplane. 

1.2.1 Base Airplane and Mission  

The airplane selected as the basis for this study is a derivative of a Boeing 787-8, shown in Figure 1.  

ά5ŜǊƛǾŀǘƛǾŜέ ƳŜŀƴǎ ǘƘŀǘ ǿƘƛƭŜ ǘƘŜ ǎǇŜŎƛŦƛŎŀǘƛƻƴǎ ǿƻǳƭŘ ōŜ ǎƛƳƛƭŀǊ ǘƻ ŀ тут-8, the airplane on which a 

fuel cell is deployed would be a different model not currently planned by Boeing.  This platform was 

selected primarily because it represents the state-of-the-art in άƳƻǊŜ ŜƭŜŎǘǊƛŎ ŀƛǊǇƭŀƴŜέ όa9!ύ ŘŜǎƛƎƴǎΦ  

The MEA differs from traditional airplanes in that many of its systems that were previously powered by 

pressurized air extracted from the main engines (bleed air) or by hydraulic power are now powered by 

electricity.  These additional electrical loads include engine start, wing de-ice, cabin environmental 

control and pressurization, brakes, and flight controls [9].  This totally re-designed, much larger electrical 

system could potentially be more readily adapted to incorporate an on-board fuel cell.  In addition, the 

larger electrical load means that the potential benefit to using fuel cells to replace current generators 

might be higher than for current, less-electric airplanes. 

 

Figure 1: The Boeing 787-у ƛǎ ŀ άƳƻǊŜ ŜƭŜŎǘǊƛŎ ŀƛǊǇƭŀƴŜέ ǿƛǘƘ Ƴŀƴȅ ƻŦ ǘƘŜ ŎƻƴǾŜƴǘƛƻƴŀƭ ǎȅǎǘŜƳǎ ŎƻƴǾŜǊǘŜŘ ǘƻ ŜƭŜŎǘǊƛŎ ǇƻǿŜǊΦ  

This results in a high on-board electric generating capacity (nearly 1.5 MW).  Image ©Boeing, used with permission. 
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Figure 2: The mission modeled for this study is a transcontinental flight between San Francisco International Airport (SFO) 

and John F. Kennedy International Airport (JFK). 

The mission we model is a transcontinental flight between San Francisco International Airport (SFO) and 

John F. Kennedy International Airport (JFK) in New York City, a distance of 4,139 km (2,235 nm) as 

shown in Figure 2 below.  This choice was made as being a typical intermediate-length flight for a 787-8.  

 Three electric loads were considered for the application of a PEM fuel cell system: (1) the galley (see 

Section 2.2), (2) in-flight entertainment system (see Section 2.5), and (3) peaker (see Section 2.6).  These 

systems currently draw power from the main engines.   These applications were chosen as being likely 

first deployments of moderate sized (20 - 60kW) fuel cells.  Boeing is currently assessing fuel cell-based 

galley systems in its own work [10]. 

Lǘ ƛǎ ƛƳǇƻǊǘŀƴǘ ǘƻ ǊŜǾƛŜǿ ǘƘŜ ǎȅǎǘŜƳ ǎǇŜŎƛŦƛŎŀǘƛƻƴǎ ŦƻǊ ǘƘŜ άōŀǎŜ ŀƛǊŎǊŀŦǘέ ƻŦ ǘhe model. These 

specifications are indicated in Table 1 below.   These specifications were obtained from Ref. [11] and 

from conversations with Dr. Joe Breit, Associate Technical Fellow of the Systems Concept Center of 

Boeing Commercial Airplanes.  
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Table 1: Specifications of the base airplane and flight mission used in this study. 

Airplane Specifications [11] 

Model Boeing 787-8 derivative 

Max Design Takeoff Weight 227,930 kg (502,500 lb)  

Length 56.72 m (186.1 ft)  

Wingspan 60.12 m (197.25 ft)  

Seating Configuration Short to Medium Range, Dual Class 

Passengers as Configured 291 

Maximum Passengers (for System Design) 375 

Mission Specifications 

Route SFO <-> JFK 

Distance 4,139 km (2,235 nm) 

Total Duration 5 hr 

Fuel Required for Mission, including reserves 
(see Section 2.7.2.1 for how this was 
determined) 

22,680 kg (50,000 lb)  

Segments and Durations Ground Taxi: 8 min. 
Takeoff and Climb: 20 min. 
Cruise: 4 hr. 
Descent and Landing: 25 min. 
Ground Taxi: 7 min. 

Load Specifications 
(from conversations with Joe Breit, Boeing) 

Galley: 
 Load 
 Segments 

 
40 kW (forward), 20 kW (mid), 60 kW (aft) 
Initial Ground Taxi, Takeoff and Climb, and Cruise 

In Flight Entertainment: 
 Load 
 Segments 

 
20 kW 
All 

Peaker: 
 Load 
 Segments 

 
75 kW per engine x 2 engines = 150 kW total 
Only Descent and Landing 
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2 Airplane Systems and Concepts 
An understanding of the ŀƛǊǇƭŀƴŜΩǎ ǎȅǎǘŜƳǎ ŀƴŘ performance is required for finding a practical fuel cell 

system solution for this unique application.  The relevant aspects of these are described in this chapter. 

2.1 Environmental Control System  
The purpose of the environmental control system (ECS) is to pressurize the cabin, provide a continuous 

source of clean air, and maintain the cabin at the desired temperature.  Except as noted, the reference 

for the ECS information is [12]. 

2.1.1 Pressurization  

In the 787, outside air is pressurized by electrically-driven compressors to approximately 103 kPa (15 

psia).  Cabin pressure at a normal cruise altitude between 34,000 to 36,000 ft is maintained at or above 

84.1 kPa (12.2 psia, corresponding to an altitude of 5,000 ft), and decreases to 81.4 kPa (11.8 psia, 

corresponding to an altitude of 6,000 ft) at cruise altitudes above 40,000 ft [13].  For reference, at 

40,000 feet altitude, the outside air pressure is about 18.8 kPa (2.73 psia) [14].  The electrical load for 

pressurization is the largest single load of the airplane at cruise, consuming over 25% of the total 

electrical power by itself.  The motors are +/- 270 VDC, adjustable speed.  The air intake on the 787 is 

from intake manifolds on the outside of the aircraft, see Figure 3. 

2.1.2 Clean Air Supply 

Federal Aviation Regulations (FARs) require 7.25 g/s (0.55 lbm/min; 11.9 SCFM) of fresh air per occupant 

[15].  It is assumed that the ECS system is sized to supply this flow for the maximum possible number of  

 

Figure 3: Ram-air inlet ducts on the 787 [16]. 
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passengers, 375, corresponding to a maximum fresh air supply of 2,719 g/s (4456 SCFM).  The fresh air is 

mixed with approximately 50% of the air returned from the cabin, cleaned and filtered with high 

efficiency particulate air (HEPA) type filters, and sent to the cabin air supply system.  Approximately 

0.33% of the oxygen in the air is consumed in the cabin during normal operation.  Of the air withdrawn 

from the cabin, the remaining 50% is exhausted overboard.  To put this air flow in perspective, the 

entire volume of cabin air is replaced by fresh air about every five minutes.  In terms familiar to 

buildings, this corresponds to about 12.5 air changes per hour (ACH) in a commercial airplane while 

building ventilation systems are typically designed for just 1 to 2.5 ACH. 

2.1.3 Temperature Control  

The amount of heat generated within the cabin is greater than the amount that is dissipated through the 

ŀƛǊǇƭŀƴŜΩǎ ǎƪƛƴΦ  It is estimated that each passenger generates approximately 100 W of heat, and each 

piece of equipment within the cabin generates heat as well.  The 787 is the first commercial aircraft with 

an all-composite hull, and the composite material makes it much more thermally insulating than a 

normal aluminum aircraft structure.    

Cabin cooling is accomplished using the fresh air supply.  Although the outside air at altitude is cold 

(approximately -57°C (-70°F)), the compression required for pressurizing this air will heat it to 

temperatures unacceptable for the cabin (95°C (200°F) [17].  Therefore, after pressurization, the air is 

cooled using an air cycle machine (a refrigeration unit that uses air as the working fluid, see [12] for 

more details).  This air is then mixed with the recirculated cabin air, cooling it.  The effect is that the air 

cycle machine must reject heat not only from the pressurization process, but also all the heat being 

generated in the cabin.  This heat rejection is accomplished through heat exchangers which utilize 

outside air captured by ram air inlets, a process referred to as ram air cooling.  Because ram air cooling 

imposes an aerodynamic drag penalty on the airplane, the overall effect of any heat generated on the 

airplane is to increase aerodynamic drag (see Section2.7.2.2). 

2.2 Power Electronics Cooling System  
The 787-8 is unique in that it has a separate, liquid cooling system for its many electronic loads and 

galley refrigeration units [13].  The power electronics cooling system (PECS) uses propylene glycol as the 

coolant [17] and runs throughout the airplane.  Like the air conditioning system, it is cooled by ram air 

effectively resulting in a drag penalty for any heat it absorbs. 

2.3 Galley System 
Galleys provide heated and chilled beverages and food for the passengers, see Figure 4 below for an 

example.  Configuration of the galleys is highly customizable and they are typically configured according 

to the customer (airline) desires.  However, the 787 airplane is designed to meet the maximum 

customer requirements of electrical power, water, and waste from sinks and lavatories.  A typical 

configuration of an airplane the size of a 787-8 is to have a large galley in the rear, abutting the rear 

bulkhead, a smaller (but still complete) galley at the front for servicing first or business class, and small 

sub-galleys near the midpoint used for chilled beverage storage.  See Figure 5 below for this 

arrangement.  Refrigeration units, ovens (convection and/or steam), and hot water/coffee pots can all 

be large electrical loads.  In this study it is assumed that the maximum galley load of 120 kW is divided  
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Figure 4: Picture of a typical airplane galley indicating major electrical loads: ovens, hot water/coffee pots, and refrigeration 

units. 

 

Figure 5: Layout of the 787-8 indicating typical locations of galleys (G) and lavatories (L).  The actual configuration is 

customizable and highly dependent on the customer.  The nose is to the left.  Diagram from [11].  

as 60 kW to the rear galley, 40 kW to the forward galley, and 20 kW for the mid galley.  Galleys are 

active for all phases of flight except for descent, landing, and destination ground taxi.  Galley ovens on 

the current 787 utilize 230 VAC and the other galley loads 115 VAC, all variable frequency (38-800 Hz). 

2.4 Water System 
The 787-8 has two 511 L (135 gal) potable water storage tanks located behind the bulk cargo 

compartment in the rear of the airplane [18].  Potable water from the airport is treated with ultraviolet 

light when it is uploaded to the airplane.  From the on-board storage tanks, the water is pressurized by 

electric water pumps and distributed to the galleys and lavatories.  Galley and lavatory water faucets are 

Ovens

Hot Water / Coffee Pots

Refrigeration Units

Direction of flight 
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equipped with electric water heaters for dish and hand washing.  In the galleys, water intended for 

consumption is further treated with charcoal filters, and is heated using the hot water/coffee pots.   

United flight attendants on a recent transcontinental flight (SFO ς IAD) of a Boeing 777 were able to 

estimate actual hot water use on that and other flights.  The data from these conversations were used 

to estimate that on a typical transcontinental flight of a 787 less than 62.4 L (16.5 gal) of hot water 

beverages would be used for a mission-averaged hot water flow of 0.21 LPM (0.055 gpm).  Of course 

this number will vary from flight to flight, even on the same route, and this does not include hot water 

used for washing or lavatories.  However, this gives a rough order-of-magnitude estimate of hot water 

use that is useful considering the lack of any measured data. 

The 787-8 differs from other airplanes in that all waste water (everything that goes down a sink or toilet) 

is collected on board.  The waste tank has a capacity of 1,628 L (430 gal). 

2.5 In -flight Entertainment System  
The in-flight entertainment (IFE) system (Figure 6) includes all electronics for providing movies, TV 

shows, and audio programming for the passengers, but excludes any electrical receptacles that may be 

provided for powering or charging laptops and other devices.  We estimate that the IFE system 

consumes a maximum of 20 kW and is active for all phases of flight.  The IFE utilizes 115 VAC variable 

frequency (380-800 Hz). 

2.6 Electrical Power Gen eration and Distribution System  
The 787-8 has two 250 kVA generators mounted on each propulsion engine, for a total of 1 MW of 

electrical generation capacity during normal flight.  The auxiliary power unit (APU), used for ground 

power and in-flight emergency power, consists of two 225 kVA generators for an additional 550 kW of 

capacity [13].  The APU on the 787 is not considered to be operating during the normal mission profile 

and is ignored for the purposes of this study.  However, the APU is another possible early deployment  

 

Figure 6: Illustration of typical in-flight entertainment (IFE) seat-back devices.  The total IFE load on a 787-8 could reach 20 

kW during all phases of flight.  Note: Picture is not from a 787. 
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application for fuel cell power, and has been examined in prior studies of aviation uses of fuel cells [19-

22]. 

The two engine generators produce power at 230 VAC, and because they are variable speed the 

frequency depends on engine operation and can vary from 380-800 Hz.  Each generator weighs 

approximately 90 kg (200 lb) [17].   

One impact of having the main engines generate so much electrical power is that during periods of low 

engine load the amount of power needed to generate electricity is a large fraction of total engine 

output.  This occurs primarily during descent and landing, when engines are often throttled back to idle.  

At these times, the engine is spinning slowly enough that if the power demand (either thrust or 

electrical generation) was to suddenly increase, the ŜƴƎƛƴŜΩǎ compressor may cease to function 

properly, or stall, and the engine would shut down.  The difference between the stall condition and the 

operating condition is referred to as the stall margin.  It would be advantageous to remove some of the 

electrical burden on the engines during times of low engine power output.  This would allow either a 

larger stall margin or a reduced engine size for the same stall margin. 

An additional concern is that the engine efficiency decreases with decreasing power.  This reduced 

efficiency extends to the generators on the engines.  As the engine slows during descent and landing, its 

thermal efficiency decreases, making the overall electrical energy generation less efficient.  

!ƴ ŀƭǘŜǊƴŀǘƛǾŜ ǎƻǳǊŎŜ ƻŦ ǇƻǿŜǊ ǘƘŀǘ ƛǎ ƻƴƭȅ ǳǎŜŘ ŦƻǊ ǇŜŀƪ ŜƭŜŎǘǊƛŎŀƭ ƭƻŀŘǎ όŀ άǇŜŀƪŜǊέύ ŘǳǊƛƴƎ descent and 

landing would provide dual benefit, increasing both stall margin and efficiency.  In this study, two 75 kW 

peaker fuel cells (one per main engine), operating during descent and landing, is also considered.  

However, we do not assess the impact on stall margin or efficiency. 

! ǎŎƘŜƳŀǘƛŎ ƻŦ ǘƘŜ тутΩǎ ŜƭŜŎǘǊƛŎŀƭ ŘƛǎǘǊƛōǳǘƛƻƴ ǎȅǎǘŜƳ ƛǎ ǎƘƻǿƴ ƛƴ Figure 7.  It can be seen that the 

airplane employs four distinct distribution voltages and types: 

1. The 230 VAC system is used as the main bus, which all current generators feed into.  Power from 

the 230 bus feeds some large loads, and the other three buses. 

2. The ±270 VDC system gets its power from the 230 VAC bus through an auto transformer 

rectifier unit (ATRU) and sends it to large motors on the airplane. 

3. The 115 VAC system gets its power from the 230 VAC system through an auto transformer unit 

(ATU) and iǎ ǳǎŜŘ ŦƻǊ Ƴŀƴȅ ƻŦ ǘƘŜ ŀƛǊǇƭŀƴŜΩǎ ƭŀǊƎŜ ŀƴŘ ǎƳŀƭƭ ƭƻŀŘǎΦ 

4. The 28 VDC system gets its power from the 230 VAC bus through a transformer rectifier unit 

ό¢w¦ύ ŀƴŘ ƛǘ ƛǎ ǳǎŜŘ ŦƻǊ Ƴŀƴȅ ƻŦ ǘƘŜ ŀƛǊǇƭŀƴŜΩǎ ƭŀǊƎŜ ŀƴŘ ǎƳŀƭƭ ƭƻŀŘǎΦ  

The complexity of the electrical system also has the advantage that there are many options regarding 

Ƙƻǿ ǘƻ ƛƴǘŜƎǊŀǘŜ ŀ ŦǳŜƭ ŎŜƭƭΦ  CƻǊ ŜȄŀƳǇƭŜΣ ƛƴǾŜǊǘƛƴƎ ǘƘŜ ŦǳŜƭ ŎŜƭƭΩǎ ƻǳǘǇǳǘ ŎƻǳƭŘ ŀƭƭƻǿ ƛǘ ǘƻ ǘƛŜ-into the 

ŜȄƛǎǘƛƴƎ нол ±!/ ōǳǎ ŀƴŘ ǎŜǊǾŜ ŀƴȅ ƻŦ ǘƘŜ ŀƛǊǇƭŀƴŜΩǎ ŜƭŜŎǘǊƛŎŀƭ ƭƻŀŘǎΦ  hǊΣ ǎƛƳǇƭŜ DC-DC conversion could 

allow it to tie into either of the DC buses.  In addition, several fuel cells could be distributed at the point 

of use, eliminating long wire lengths (and/or possibly eliminating the need for redundant buses), as 

described in a Boeing patent [5].  The implications of these options are explored further in Section 3.4. 
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Figure 7: Schematic of the Boeing 787 electrical system.  The system is complex yet offers many options for a fuel cell to tie-

in.  Figure taken from Nelson [13]. 

2.7 Airplane Performance  
Many individual factors can be used to measure the performance of an airplane depending on the 

particular emphasis.  These factors include fuel consumption, ratio of lift over drag, velocity (or Mach 

number), weight, and fuel capacity.  Each of these may be more important than the others for a 

particular application.  However, all of these factors can be combined together to give an expression for 

airplane range.  The Breguet range equation is a classic method combining these factors, and can be 

expressed as [23]: 
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ὡ
 (1) 

 

where R is the range, a the speed of sound, M the Mach number, cT the thrust specific fuel consumption, 

CL the coefficient of lift, CD the coefficient of drag, W1 starting weight, and W2 the final weight.  The 

equation can be used to determine range between any two points on a flight.   

2.7.1 Base Airplane, Base Mission 

A special case is where the Breguet equation is solved for the range of an entire mission.  In this case, 

W1 is the weight of the aircraft at takeoff and W2 is the weight of the aircraft at landing.  W1 can be 

expressed as the sum of its parts: 

 ὡ ὡ ὡ ὡ ȟ ὡ ȟ  (2) 

Typo ï
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WOEW is the operating empty weight, which is the weight of the structure, engines, furnishings, unusable 

fuel, other integral parts of the airplane configuration, and standard supplies, personnel, equipment 

necessary for full operations.  WP is the payload, including passengers, their baggage, and cargo.  WF,used 

is the fuel  burned during the mission, and WF,reserve is the extra fuel that must be carried but is not used 

in normal missions. 

For this special case the airplane has used all of its fuel (WF,used) upon landing, so that W2 is: 

 ὡ ὡ ὡ ὡ ȟ  (3) 
 

The minimum amount of reserve fuel is regulated by the FAA and depends on the mission length and 

destination.  Airlines may add to this amount in accordance with their own policies.  In general, the 

reserve fuel can be expressed as a fraction of the used fuel: 

 ὡ ȟ ὼὡ ȟ  (4) 
 

Airplane drag (CD) has two components, induced drag (CDL) due to the creation of lift, and parasitic drag 

(CDO) due to all other effects including the shape, friction, etc.  That is: 

 ὅ ὅ ὅ  (5) 
 

Combining equations (1) through (5) results in a range equation for the base airplane on the base 

mission: 
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 (6) 

 

2.7.2 Effect of Weight and Drag Changes 

As mentioned in Section 1.2.1, the effect of adding a fuel cell system to the airplane is quantified by 

comparing the performance of the base airplane to the performance of the airplane with the fuel cell.  

Since this study assumes a derivative of the existing 787 airplane, we assume there is no change to the 

overall shape or flight envelope of the airplane if fuel cells are utilized.  This means that, for purposes of 

this study, all variables in the range equation are assumed constant between the base case and the case 

with the fuel cell system, with two exceptions.  The first is the change in airplane weight W2 due to the 

additional fuel cell system weight, and the second is the change in the parasitic drag coefficient CDO due 

to additional airplane cooling requirements (as explained in Section 2.1.3).  In either case, the effect of 

using fuel cells can be quantified by the amount of extra fuel needed (or fuel saved) for the airplane to 

accomplish the same mission as the base airplane. 

The first step in this analysis is to rearrange Eq (6):  

 
Ὑ
ὧ

ὥὓ

ρ

ὅ

ρ

ὅ ὅ
ÌÎρ

ὡ ȟ

ὡ ὡ ὼὡȟ
 (7) 



32 
 

 

Since all the terms on the left-hand side are the same for the base airplane and the airplane with the 

fuel cell, they can be combined to a single constant (K):  
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Combining equations (7) and (8) shows that: 
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ὅ ὅ
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ὡ ȟ
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 (9) 

 

Equation (9) is then solved for the base airplane to determine the constant K. 

 We want to quantify the effect on the fuel used, so Eq. (9) can be rearranged to solve for WF,used: 

 
ὡ ȟ

ὡ ὡ Ὡ ρ

ρ ὼρ Ὡ
 (10) 

 

A change (from the base airplane) in operating empty weight DWOEW and/or parasitic drag DCDO will 

correspond to a change in the fuel used, DWF,used.  Equation (10) can then be written as: 

 
ὡ ȟ Ўὡ ȟ
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ρ ὼρ Ὡ Ў
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Solving for DWF,used and combining the drag terms using Eq. (5) gives: 

 
Ўὡ ȟ

ὡ Ўὡ ὡ Ὡ Ў ρ

ρ ὼρ Ὡ Ў
ὡ ȟ  (12) 

 

This gives the additional fuel that must be carried for the airplane with the fuel cell system to achieve 

the same mission performance as the base airplane.  By including the effect of both additional weight 

and drag, it automatically takes into account the interaction between the two.  However, the 

disadvantage is only the combined effect can be seen. 

To better understand the individual effects of the weight and drag, the results shown in this report solve 

Eq. (12) twice: once for a change in weight assuming no change in drag, and once for a change in drag 

assuming no change in weight.  The fuel changes are then added.  The slight error of using this method 

(less than 0.2% for values typical in this work) is considered acceptable so that the different effects can 

be seen. 

2.7.2.1 Determining the Weight and Change in Weight  

The operating empty weight (WOEW) of the current 787-8 is unknown at this time, as the airplane has not 

been finalized yet.  Maximum takeoff weight, maximum fuel, and maximum payload figures are 

available from Boeing [11], but because of the trade-off between payload and fuel, simply adding or 
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subtracting these numbers will not give WOEW.  (As an example, the maximum takeoff weight is given as 

227,930 kg (502,500 lb) and the maximum usable fuel is 101,894 kg (224,638 lb).  Subtracting maximum 

fuel from maximum takeoff weight will give 126,036 kg (227,862 lb), which is the weight of the airplane 

plus some unknown amount of payload.)  Unpublished reports, projections, and anecdotes estimate 

WOEW will be close to 250,000 lb (113,399 kg), which is consistent with the example above.  Therefore, 

this is what is used for the base airplane in this study. 

Payload weight (WP) is estimated by considering a fully-loaded passenger flight with no revenue cargo.  

As mentioned in Table 1 and shown in Figure 5, the base airplane is assumed to be configured for 291 

passengers.  Assuming an average of 104 kg (230 lb) per passenger (including baggage)1, the payload will 

weigh 30,359 kg (66,930 lb). 

The fuel used for the base airplane and mission (WF,used) is not known.  However, current 787-8 data 

shows that the maximum range is 15,740 km (8,500 nm) [13] and the maximum usable fuel is 101,894 kg 

(224,638 lb) [11].  Assuming that maximum fuel is used to achieve maximum range, this gives an average 

fuel burn of 6.47 kg/km (26.43 lb/nm).  Multiplying by the distance of the base mission, 4,139 km (2235 

nm), gives a base mission fuel burn of 26,794 kg (59,070 lb).  This method will surely give a high number, 

since as the Breguet equation shows, on a maximum range flight proportionally more fuel is needed to 

carry the fuel than on the base mission. 

For another estimate of fuel burn, Boeing claims the 787 to be 20% more efficient than a 767 [4, 24].  

This efficiency gain can be combined with a Boeing report that shows that the fleet-wide average fuel 

consumption for all 767s to be 1.45 kg/s (11,537 lb/hr) [25], resulting in a predicted 787 average fuel 

consumption of 1.16 kg/s (9,229 lb/hr).  For the base mission of 5 hrs, this comes to 20,933 kg (46,150 

lb). 

Combining these two estimates, a reasonable assumption is that the base mission will require about 

50,000 lb (22,680 kg) of fuel to be burned. 

A typical reserve fuel amount (WF,reserve) is based on a recent newspaper article showing that American 

Airlines has historically used a fleet average of between 88 to 95 minutes of reserve fuel on their flights 

[26].  Therefore, 90 minutes is used in this study, which for a 5-hr base mission gives a value of x = 1/3 in 

Eq. (4) and a reserve fuel amount of 7,560 kg (16,667 lb). 

Adding all these components together gives a total airplane weight of 173,998 kg (383,598 lb) at takeoff 

(W1), and 151,318 kg (333,597 lb) at landing (W2). 

The change in operating empty weight (DWOEW) is simply the weight of the entire fuel cell system minus 

any weight savings.  The weight of the fuel cell system includes the fuel cell, hydrogen storage, heat 

exchangers, pumps, blowers, piping, and accessories.  It also includes additional Jet-A needed to provide 

the increased demand for pressurized air required by the fuel cell.  Weight savings that are considered in 

this study are reductions in engine generator size, reduction in the amount of water carried (due to 

                                                           
1
 Conversation with Andy Bayliss of Boeing, Nov. 3, 2010. 
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production of water from the fuel cell), and reductions in Jet-A carried that is no longer needed for 

generating the heat and/or electricity that the fuel cell provides.  Details of how the fuel cell system 

component weights were determined and the specific values used are given in Chapters 3 and 6. 

Using the above numbers and solution procedure, Eq. (12) shows that every 1 kg (or lb) increase in 

operating empty weight will require an additional 0.16 kg (or 0.35 lb) of Jet-A fuel to accomplish the 

same mission as the base airplane.  

2.7.2.2 Determining the Drag and Change in Drag  

Equation (5) revealed that drag is made up of two major components: drag induced by the lift force, and 

parasitic drag.  Parasitic drag is made up of many components: Roskam and Lan [23] have an 11-

ŎƻƳǇƻƴŜƴǘ Ŝǉǳŀǘƛƻƴ ƻŦ ǿƘƛŎƘ ǘƘŜ ƭŀǎǘ ǘŜǊƳ ƛǎ άƳƛǎŎŜƭƭŀƴŜƻǳǎέ ŀƴŘ ŀŎŎƻǳƴǘǎ ŦƻǊ ŀǘ ƭŜŀǎǘ ŜƛƎƘǘ ƳƻǊŜ 

components.   It is beyond the scope of this report to detail all these different drag components.  

However, because the airplane with the fuel cell system is assumed to have the same shape and 

structure as the base airplane, all of these components are considered constant with one exception: the 

drag due to cooling air.  The need for cooling air was explained in Sections 2.1.3 and 2.2, but to 

summarize:  

¶ Any heat generated within the airplane, including the fuel cell waste heat, must be rejected to 

the environment or the cabin will become intolerably hot. 

¶ Heat transfer through the skin of the airplane is small due to the low density of air at flight 

altitudes and the composite structure of the 787. 

¶ Except for the small amount of heat lost through the skin, all heat must eventually be rejected 

to the atmosphere by ram air cooling. 

¶ Ram air cooling adds parasitic drag to the airplane. 

The key idea is that every watt of heat generated on the airplane requires some ram air cooling, which 

adds to the parasitic drag of the airplane. 

Cooling drag is not a major part of overall drag and accordingly estimates of its magnitude are not 

available in the literature.  Even airplane designers may not be sure of this number:  according to 

Roskam and Lan [23], typically ŘǊŀƎ ŦǊƻƳ ǘƘŜ άƳŀƧƻǊ ŎƻƴǘǊƛōǳǘƻǊǎέ ƛǎ ŎŀƭŎǳƭated or measured if possible, 

then the drag of the entire airplane is measured and the difference between these is attributed to the 

άƳƛǎŎŜƭƭŀƴŜƻǳǎέ ŎŀǘŜƎƻǊȅ ǿƛǘƘƻǳǘ ǘƻƻ ƳǳŎƘ ŎƻƴŎern for how that is distributed. 

In light of this, we must estimate the cooling drag from what is known, by the following procedure: 

1. Assume the total drag coefficient (CD) for the 787-8 is 0.022.  This is in the range for jet transport 

airplanes.  It less than the older A-300B (0.024 according to Roskam and Lan [23]) and at the 

limit of current technology according to Fillippone [27]. 

2. Assume parasitic drag (CDO) accounts for 60% of total drag2.  This gives a parasitic drag 

component of 0.0132.  This seems reasonable when compared to other transport airplanes: 

                                                           
2
 Conversation with Andy Bayliss of Boeing, October 29, 2010. 
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0.0131 for a Boeing 707-320, 0.0165 for an Airbus A-340, and 0.0135 for a Boeing 767 [23].  

Being lower than the similarly-sized 767 is expected since the 787 is claimed to have utilized 

several drag reduction strategies [28]. 

3. Assume miscellaneous drag accounts for 7% of parasitic drag.  This is an average of the 

estimates from Roskam and Lan (9%, Ref. [23]) and Fillippone (5%, Ref. [27]). 

4. Assume cooling air drag accounts for 5% of the total miscellaneous drag.  This is an engineering 

estimate based on consideration and knowledge of the other components of the miscellaneous 

drag category.  This results in a drag coefficient of 0.0000462 due to ram air cooling for the base 

airplane. 

To relate the drag number to an amount of heat rejection, we need to estimate how much heat is 

rejected in the base airplane.  Again, this number is not known but must be estimated.  The generated 

heat that must be rejected by the ram air cooling system is divided into three categories: 

1. Heat generated by passengers, absorbed by the cabin air and rejected through the air 

conditioning units, 

2. Heat generated by electronics and galley equipment in the cabin, that is absorbed by cabin air 

and rejected through the air conditioning units, and 

3. Heat generated by electronics and galley equipment that is absorbed by the liquid cooling 

system (power electronics cooling loop, PECS). 

Estimates of the magnitudes of these categories are given in Table 2.  It shows that approximately 360 

kW of heat must be rejected through the current ram air cooling system.  To relate this to the drag 

coefficient, it is assumed that there is a linear relationship between the drag coefficient and the heat 

rejection.  This results in a drag coefficient of 0.000000129/kW.  Therefore, given a change in cooling 

demand, we can calculate the change in parasitic drag (DCDO) by this relationship and solve Eq. (12) to 

find the corresponding change in fuel requirements.  This reveals that every 1 kW of additional heat to 

be rejected will require an additional 0.15 kg (0.33 lb) of Jet-A to overcome the additional parasitic drag 

as a result of fuel cell deployment and achieve the same performance as the base airplane. 
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Table 2: Source and estimated magnitudes of heat generation on board the base airplane that must be rejected to the 

atmosphere through the ram air cooling system. 

Passenger Heat Generation 

Number of Passengers Heat per Passenger Heat Generated 

375 (maximum design) 100 W 37.5 kW 

Cabin Electronics and Galley 

Load Electrical Demand Efficiency Heat Generated 

IFE 20 kW 50% 10 kW 

115 VAC 140 kW 50% 70 kW 

Galley 120 kW 75% 30 kW 

Line Ohmic Heating 280 kW 96% 11.2 kW 

SUB-TOTAL   121.2 kW 

Liquid-cooled Electronics and Galley 

Load Electrical Demand Efficiency Heat Generated 

ATRU 432 kW 90% 43.2 kW 

ECS Motor Controller 360 kW 80% 72 kW 

Hydraulics Motor Controller 40 kW 80% 8 kW 

Ram Air (ECS) Fan 32 kW 50% 16 kW 

Galley Refrigeration Unit n/a n/a 60 kW 

SUB-TOTAL   199.2 kW 

TOTAL RAM AIR HEAT LOAD  357.9 kW 

 

 

  



37 
 

3 Fuel Cell System Hardware and Concepts  
The purpose of the engineering analysis was to determine the feasibility of a PEMFC system on board a 

commercial airplane with respect to: 

¶ Major component options and sizes 

o Fuel cell 

o Hydrogen storage 

o Heat exchangers, blowers, and water pumps 

¶ Waste heat recovery methods 

¶ System location possibilities 

 

hǳǊ ŀƴŀƭȅǎƛǎ ƛǎ ƳŜŀƴǘ ǘƻ ōŜ ŀ ǊŀǘƘŜǊ ǊƛƎƻǊƻǳǎ άŦƛǊǎǘ-Ŏǳǘέ ŀǘ ŘŜǘŜǊƳƛƴƛƴƎ ǘƘŜ ŦŜŀǎƛōƛƭƛǘȅΦ  5ǳŜ ǘƻ ƭƛƳƛǘŀǘƛƻƴǎ 

in scope, we were unable to delve into some topics in great depth. Nonetheless, the analysis below 

provides sufficient detail that this study can be used to reliably assess the impacts of using current PEM 

fuel cell technology onboard commercial aircraft for the purposes indicated.  

3.1 Fuel Cells 
An excellent review of fuel cell systems can be found in Larminie and Dicks [29].  A fuel cell provides, in 

an electrochemical environment, a way to combine gaseous hydrogen and oxygen to form water 

(typically as a liquid), as indicated by Eq. (13): 

 ς ( Ç  / Ç O   ς (/ Ì (13) 
 

The hydrogen fuel is not literally burned.  Rather, the reaction proceeds electrochemically, producing 

electrical energy and waste heat.  The efficiency of the electrochemical process can be significantly 

higher than traditional combustion.  Lutz et al. [30] compared conventional H2/O2 combustion with the 

άŜƭŜŎǘǊƻŎƘŜƳƛŎŀƭ ŎƻƳōǳǎǘƛƻƴέ ǇǊƻǾƛŘŜŘ ƛƴ ŀ ŦǳŜƭ ŎŜƭƭΦ  ²ƘŜǊŜŀǎ ǘǊŀŘƛǘƛƻƴŀƭ ŎƻƳōǳǎtion has a thermal 

efficiency of ḙ 35%, limited primarily by the temperatures achievable in traditional combustion systems, 

the thermal efficiency of the electrochemical process can be ḙ 50%.  Wright [31] has also compared fuel 

cell efficiency with that of heat engines.  

Over the years, there have emerged five general classes of fuel cell systems, which are viable and 

commercially available.  Table 3 briefly describes these five types. 

Table 3: Types of fuel cells 

Fuel Cell Type Mobile Ion Operating Temp 

Proton exchange membrane (PEM) H+  50 ς 100 °C (122 ς 212 °F) 

Alkaline (AFC) OH  ̄  50 ς 200 °C (122 ς 392 °F)  

Phosphoric Acid H+ ḙ 220°C (430°F) 

Molten Carbonate CO2
3-  ḙ 650°C ḙ 1200°F) 

Solid Oxide O2- 500 ς 1000 °C (930 ς 1832 °F) 
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The fuel cell types can be divided into two regimes of operating temperature: low-temperature fuel cells 

that operate in the range 50°C to 220°C (122 ς 392°F) (proton exchange membrane, alkaline , and 

phosphoric acid fuel cells), and high-temperature fuel cells that operate above 650°C (1200°F, molten 

carbonate, and solid oxide fuel cells).  In a related study being performed by the Pacific Northwest 

National Lab (PNNL), solid-oxide high temperature fuel cells are being examined for their usefulness on-

board commercial aircraft.   

In this study, we examine the low temperature fuel cells.  Alkaline fuel cells are damaged by the small 

amounts of CO2 in the air and are not practical for this application.  Phosphoric acid fuel cells have 

typically lower efficiencies and lower power densities than proton exchange membrane (PEM) fuel cells.  

This leaves a PEM fuel cell as the only practical fuel cell candidate for low-temperature fuel cell 

operation on-board a commercial aircraft.  A description of the PEM fuel cell is found below. 

3.1.1 PEM Fuel Cell: Background 

Figure 8 below shows the relevant reactions in a PEM fuel cell.  At the PEM anode (site of oxidation) 

hydrogen gas ionizes (oxidizes), releasing protons and electrons for the external circuit.  Simultaneously, 

at the cathode (site of reduction), oxygen molecules are reduced in an acidic environment by electrons 

from the circuit, forming water molecules.  Protons pass through the proton exchange membrane, from 

anode to cathode, completing the circuit.  

PEM fuel cells deliver high power density and offer lighter weight and smaller volume than other fuel 

cell systems.  Traditional PEM fuel cells use a solid proton conducting polymer membrane called Nafion, 

a type of polyfluorinated sulfonic acid (PFSA) material, which allows proton transfer between the anode 

and cathode.  Porous carbon electrodes containing a platinum catalyst act as the membrane electrode 

assemblies (MEA).  PEMs require only hydrogen and oxygen to operate and water to humidify the 

polymer membrane. 

 

Figure 8: Schematic diagram of a Proton Exchange Membrane (PEM) fuel cell. 

Anode             2H2 Ÿ 4 H+ + 4 e-
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Anode             2H2 Ÿ 4 H+ + 4 e-

Proton Exchange Membrane

Cathode          O2 +  4e- +  4H+ Ÿ 2H2O     
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Nafion-based fuel cells operate at low temperatures, around 80°C (180°F).  The low-temperature 

operation provides for rapid start-up, which is essential for aircraft power applications.  However, for 

temperatures at or below 80°C, the reaction product is liquid water, making management of liquid 

water an important issue.  The MEAs in PEM fuel cells require a Pt catalyst, which is sensitive to CO 

poisoning.  If properly designed, PEM fuel cells have a low sensitivity to orientation which is particularly 

favorable for aircraft applications.   

It is envisioned that further advances in PEM stack design, materials, and new PEM materials may 

enable fuel cell stack operation temperature in excess of 100°C (212°F) in order to increase its efficiency, 

improve heat rejection, further decrease the size of the heat exchanger, and operate the stack at a state 

where the water produced at the cathode is water vapor versus liquid.  This would significantly reduce 

the balance of plant (BOP), since gaseous water vapor is easier to handle than liquid water. 

For this study, we will assume the current state of the commercial PEM systems for nearly all the 

analysis, only considering planned technology in the final section to illustrate the impacts of 

improvements in weight and volume reduction.  Furthermore, we make no consideration of fuel cell 

system cost, as this is likely to change drastically as fuel cells become more widespread and 

manufacturing costs drop. 

3.1.2 PEM Fuel Cell: Specifics for the Study  

A survey of available PEM fuel cells from various manufacturers was conducted emphasizing those 

products that offer high power density (Power/Volume) and high specific power (Power/Mass), are 

available in capacities on the order of the loads in this study (> 10 kW), and are provided as modules 

requiring only hydrogen fuel, ambient air, and external cooling.  That is, they include all equipment 

required for cathode air compression, heat management, and control. 

The module chosen for the basis of the study is the Hydrogenics HyPM HD 12 Power Module.  The 

nominal power output of this PEM fuel cell is 12 kW and the specifics of its operating characteristics are 

given in the Thermodynamic Analysis section (Table 7, Section 4.1.1).  It should not be inferred that this 

is the only product or manufacturer that will work for this application but is taken as the representative 

technology and serves well the function of this engineering analysis. 

To determine the physical sizes of the fuel cells required to meet the loads in this study, it was assumed 

that an appropriately-sized module based on technology identical to the HyPM 12 could be built, and its 

size would be proportional to its power in the same ratio as the HyPM 12.  However, the maximum 

rated capacity was not used to determine this ratio for the HyPM 12.  This is because efficiency, and 

therefore fuel consumption, changes with power so that a fuel cell operating at high power will 

consume more fuel on a per kW basis than one at lower power (see Figure 9).  This affects the hydrogen 

storage system, changing its weight and volume.  So the optimal operating point from a weight and 

volume perspective must consider the combined fuel cell + hydrogen storage system and not just the 

fuel cell itself.   

In light of this, the lightest system (hydrogen and fuel cell) mass and lowest system volume operating 

point for the fuel cell was calculated to be that which gives an efficiency of hHHV = 40.9% (hLHV = 48.4%),  
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Figure 9: Typical operating performance for the HyPM 12 power module.  The left-hand chart shows voltage (blue line) and 

power (green line) as functions of current.  The right-hand chart shows efficiency (LHV-basis) also as a function of current.  

Comparing the two figures reveals that the highest efficiency occurs at a low power level, and efficiency decreases as power 

ƛƴŎǊŜŀǎŜǎΦ  bƻǘŜΥ ά!ǾŀƛƭŀōƭŜ /ǳǊǊŜƴǘέ ŀƴŘ ά¦ǎŜǊ /ǳǊǊŜƴǘέ ŀǊŜ ǘƘŜ ǎŀƳŜΦ  CƛƎǳǊŜ ŦǊƻƳ [32]. 

which corresponds to a power of approximately 12.8 kW for the Hydrogenics module.  This in turn gives 

the specific power of the fuel cell module is 149 W/kg (67.6 W/lb) and the power density is 103 W/L 

(2,920 W/ft3).  These values may be lower than stated for somŜ ƳŀƴǳŦŀŎǘǳǊŜǊǎΩ ǇǊƻŘǳŎǘǎ ōǳǘ ƛǘ Ƴǳǎǘ ōŜ 

ŜƳǇƘŀǎƛȊŜŘ ǘƘŀǘ ƴƻǘ ƻƴƭȅ ƛǎ ǘƘŜ ƳƻŘŜƭŜŘ ƳƻŘǳƭŜ ŀ άƘƛƎƘ ǇƻǿŜǊέ ǳƴƛǘ ŀƴŘ Ŏƻƴǘŀƛƴ ǘƘŜ ƴŜŎŜǎǎŀǊȅ 

accessories in addition to the stack but also the fuel cell is not operating at its maximum rated power. 

This study also examines the use of DOE-target technology for the fuel cell system.  The 2015 targets for 

80 kW integrated transportation fuel cell power systems operating on direct hydrogen are 650 W/kg 

(295 W/lb) gravimetric density and 650 W/L (18,400 W/ft3) volumetric density [33], and these values are 

used in the DOE Target Technology Analysis (Section 6.2.4). 

Once the gross fuel cell power required for a given system was determined from the thermodynamic 

analysis, the relationships (given above) for mass and volume were used to calculate the necessary size 

of the fuel cell module. 

3.2 Hydrogen Storage  
The hydrogen storage options considered are: 

1. Metal Hydride 

2. Liquid 

3. Compressed gas: 350 bar (5,000 psi) and 700 bar (10,000 psi) 

 

Figure 10 and Figure 11 provide comparisons between these options in terms of storage mass and 

volume, respectively, for given amounts of hydrogen stored.  Each of these options is described below in 

this context.   
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Figure 10: Mass of different hydrogen storage tanks as a function of the mass of hydrogen stored.  Compressed gas storage 

at 350 bar (5,000 psi) offers the lowest mass solution for currently available methods.  The proposed liquid storage methods 

are promising improvements for the future.  References: [34-42]. 

 

Figure 11: Volume of different hydrogen storage tanks as a function of mass of hydrogen stored.  The compressed gas 

options require a larger volume than either the liquid or metal hydride options [34-41]. 

3.2.1 Metal Hydride  

An alternative to storing hydrogen as either a gas or liquid is to store it in a compound as a metal 

hydride.  Metal hydrides have been investigated for many years for their interesting technical properties 

[43]Φ  hǾŜǊ ǘƘŜ ȅŜŀǊǎΣ ŀ ƴǳƳōŜǊ ƻŦ ŎƭŀǎǎƛŎ άƛƴǘŜǊǎǘƛǘƛŀƭέ ƳŜǘŀƭ ƘȅŘǊƛŘŜǎ ƘŀǾŜ ōŜŜƴ ǎǘǳŘƛŜŘΣ ŀƴŘ ŀǊŜ 

commercially available.   Examples include LaNi5, Fe-Ti-V alloys, and many others.  These materials are 

kinetically fast, fully reversible, but typically their gravimetric capacity is low (typically about 2%), 
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because heavy metals are employed.  This poor gravimetric capacity is particular troublesome for 

applying classic metal hydrides in weight-sensitive application, for example in automobiles or on-board 

aircraft. 

More recently, metal hydrides have been investigated as a way of storing hydrogen for automobile 

applications.  For example, Sandia has been the lead laboratory for The Metal Hydride Center of 

Excellence (MHCoE, www.ca.sandia.gov/MHCoE/), a DOE-funded center comprised of nine universities, 

six national laboratories, and four companies, all collaborating to develop advanced materials for 

automotive applications that reversibly store hydrogen with high weight percent and improved 

volumetric density.  A number of interesting high capacity materials have been developed, for example 

AlH3 (10 wt. %) and Mg(BH4)2 (14 wt. %).  All of these materials are at this point research materials only, 

not ready for use in a practical near term aviation system.   One of the best-known of the higher capacity 

metal hydrides is Ti-doped sodium alanate, NaAlH4 [44].  As a practical matter, only a maximum of 

approximately 4.5 wt. % percent is released from the material.  This gravimetric capacity is an 

improvement over the classic metal hydrides with a weight percent typically of 2 wt. %.   

In order to release hydrogen from NaAlH4, one needs to heat the material to temperatures around 

150°C (300°F).  Recently, Sandia has completed a project in which the engineering issues associated with 

building a 5 kg (11 lb) NaAlH4 automotive tank, with all the attendant heat transport and kinetic issues, 

have been worked out [45].  However, such a tank is at an R&D stage, and not really ready for a near-

term commercial aviation applications.    

The only metal hydrides that are readily commercially available are the interstitial metal hydrides, and 

so, we report on the weight and volumetric capacities of a commercially available metal hydride (OV 

679) made by Ovonic Hydrogen Systems.  It is a proprietary mixture of nominal formula AB2H3, where A 

= Ti and Zr, and B = V, Cr, and Mn.  The weight and volume estimates we make also include the tank shell 

and internal structure including heat exchange tubing.  A picture of the system used for the data is 

shown in Figure 12.  We do not go into detail on these considerations, as it can be seen from Figure 10 

that metal hydrides are simply too heavy to be reasonably used for an on-board aviation application.   

3.2.2 Liquid  

IȅŘǊƻƎŜƴ Ƙŀǎ ōŜŜƴ ǎǘƻǊŜŘ ŦƻǊ ŘŜŎŀŘŜǎ ƛƴ ƭŀǊƎŜ ǉǳŀƴǘƛǘƛŜǎ ŀǎ ŀ ŎǊȅƻƎŜƴƛŎ ƭƛǉǳƛŘ όά[I2έύ ŦƻǊ ƛƴŘǳǎǘǊƛŀƭ ŀƴŘ 

space applications.  For much smaller quantities of hydrogen, there are no liquid hydrogen storage tanks 

suitable for transportation applications that are available on the open market.  However, some LH2 

storage systems have been demonstrated in either prototype form or in small quantities.  The size 

ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ƻŦ ǘƘŜǎŜ ŀǊŜ ƭŀōŜƭŜŘ ŀǎ ά[ƛǉǳƛŘ ό/ǳǊǊŜƴǘ ¢ŜŎƘƴƻƭƻƎȅύέ ƛƴ Figure 10 and Figure 11 and it is 

assumed that these could be produced if needed.  It can be seen that the current technology of liquid 

tanks is comparable to the 350 bar pressurized tanks in terms of weight, and less than either pressurized 

tanks in terms of volume.   

There are two categories of liquid storage. The first is where the hydrogen is stored at approximately 20 

K (-424°F), but the pressure above the liquid is simply the equilibrium vapor pressure established by the 

LH2 at that temperature.  A second type of liquid storage is one in which the tank containing the liquid  
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Figure 12: Picture of Ovonics metal hydride storage tank.  The nameplate indicates the system shown can store 3 kg (6.6 lb) 

of hydrogen, has a mass of 190 kg (419 lb), and a volume of 60 L (2.1 ft
3
).  From Chao et al. [36], see for more details. 

 

Figure 13: Cut-away view of one of the current technology cryo-compressed hydrogen storage tanks.  This design can store 

10.7 kg (23.6 lb) of hydrogen at 345 bar (5,000 psi) with tank-only mass of 155 kg (342 lb) and volume of 297 L (10.5 ft
3
).  

Figure and data from [34]. 

hydrogen is pressurized and the hydrogen exists as a supercritical fluid.  The latter is referred to as cryo-

compressed and offers improved gravimetric and volumetric storage density over an atmospheric 

pressure LH2 vessel.   A current version of the cryo-compressed tank is shown in Figure 13.   

There are several improvements to the cryo-compressed tanks that are under development, and they 

ŀǊŜ ƛƴŎƭǳŘŜŘ ƛƴ ǘƘŜ ά[ƛǉǳƛŘ όtǊƻǇƻǎŜŘύέ ŎŀǘŜƎƻǊȅ ƛƴ ǘƘŜ ŦƛƎǳǊŜǎΦ  ¢ƘŜǎŜ ǇǊƻǇƻǎŜŘ ƭƛǉǳƛŘ ǘŀƴƪǎ ƻŦŦŜǊ ŀ ƭŀǊƎŜ 

weight reduction over other storage methods, being approximately half the weight of the current liquid 
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technology.  The improvements to this new technology , namely optimizing the pressure vessel and shell 

designs thereby reducing wall thicknesses and changing to lighter materials, are rather straightforward, 

and should lead to robust commercially available cryo-compressed hydrogen tanks in the future. 

One potential drawback of a liquid hydrogen storage system is the fact that the liquid will absorb heat 

from the surroundings and evaporate, leading to pressure rise within the vessel.  When the pressure 

builds to the maximum level allowed, the hydrogen is vented to the atmosphere so an un-used liquid 

hydrogen tank will exhaust itself over time.  However, the cryo-compressed design averages less than 

0.5% loss per day.  Furthermore, this loss becomes negligible in the airplane application where the 

hydrogen only needs to be stored for the several hours to complete the mission.  Of course another 

consideration for LH2 is the fact that it takes a lot of energy to liquefy hydrogen: up to 30% of the 

combustion energy of LH2 must be consumed in order to produce hydrogen at T = 20K. This represents a 

drawback from LH2 being widely available as part of a growing H2 infrastructure. 

Cryo-compressed hydrogen offers promise for future systems, especially if the issues of liquid hydrogen 

generation, storage, and refueling are satisfactorily solved.  However, for this study even these 

potentially minor issues are not worth the slight increase in gravimetric storage density vs. compressed 

gas (see Figure 10), and the cryo-compressed storage option was not considered further.  

3.2.3 Compressed Gas 

The compressed gas storage tanks analyzed for this study are composite tanks with polymer liners, also 

known as Type IV tanks.  They are the highest pressure, lightest weight tanks available on the market.  

The data for the 350 bar (5,000 psi) and 700 bar (10,000 psi) tanks shown in Figure 10 and Figure 11 

come from two commercial vendors, Lincoln Composites and Quantum Technologies.  Pictures of the 

Lincoln and Quantum tanks are shown in Figure 14. Compressed gas at 700 bar (10,000 psi) was 

eliminated during preliminary screening because although it has a smaller volume than 350 bar (5,000 

psi) tanks, the weight is more and it has additional safety and fuel logistics concerns.  The 350 bar tanks 

are feasible for use on-board the airplane and were selected for use in the engineering analysis. 

For use in this study, 350 bar compressed gas hydrogen tanks were sized according to the linear trend 

observed in Figure 10 and Figure 11.  It is assumed that a custom-designed tank would be used for the 

 

 

Figure 14: The compressed gas hydrogen tanks from Lincoln Composites (left) and Quantum Technologies (right). 
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airplane application and it would have similar characteristics to the off-the-shelf models that are 

depicted in the figures.  Therefore the equation used to size the tank mass is the one used to linearly fit 

ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊǎΩ ŘŀǘŀΥ 

 ὝὥὲὯ ὓὥίίρφȢρωzὌ ὓὥίίπȢσψφς (14) 
 

For 6 kg (13.2 lb) of hydrogen, this leads to a tank mass of 98 kg (216 lb), or about 6.1% gravimetric 

ŘŜƴǎƛǘȅΦ  {ƛƳƛƭŀǊƭȅ ŦƻǊ ǾƻƭǳƳŜΣ ǘƘŜ ƭƛƴŜŀǊ Ŧƛǘ ǘƻ ƳŀƴǳŦŀŎǘǳǊŜǊǎΩ Řŀǘŀ ǎƘƻǿǎ ǘƘŀǘ ǘƘŜ ǊŜƭŀǘƛƻƴǎƘƛǇ ōŜǘǿŜŜƴ 

hydrogen mass and volume for the 350 bar (5,000 psi) compressed gas tanks is 17.0 gH2/L (1.06 lb/ft3).   

This study also examines the use of DOE-target technology for the hydrogen storage system.  The 

άǳƭǘƛƳŀǘŜέ ǘŀǊƎŜǘǎ ƻŦ ƻƴ-board hydrogen storage systems for light-duty vehicles are 7.5% gravimetric 

density and 70 gH2/L (4.37 lb/ft3) volumetric density [46], and these values are used in the DOE Target 

Technology Analysis (Section 6.2.4).  

Once the amount of hydrogen required for a given system was determined from the thermodynamic 

analysis, the relationships (given above) for mass and volume were used to calculate the necessary size 

of the storage tank. 

3.3 Heat Exchangers, Blowers, and Water Pump s 
A fuel cell system requires a number of components for operation, including pumps, blowers, fans, and 

heat exchangers.  The primary method to determine the fuel cell system component sizes (weight and 

volume) was to use the thermodynamic analysis of the system to find the performance requirements, 

and then consult with manufacturers for the appropriate available or planned product that will satisfy 

those requirements. 

Representative heat exchanger sizes were found by consulting with Lytron Inc., a manufacturer that 

offers a standard and custom products for both air/liquid and liquid/liquid applications.  Although sizes 

may differ from one manufacturer to another, the differences are expected to be small given the 

thermodynamic and heat transfer constraints of typical heat exchangers.  In the sizing process, the type 

and flow rates of both fluids along with the ratio of required heat transfer to initial temperature 

difference (Q/ITD) were taken from the thermodynamic analysis.  These numbers were used to find the 

appropriate heat exchanger from the Lytron catalog and its associated weight and volume. 

Blowers are used to feed air into the cathode input on the fuel cell, and for supplying cooling air in the 

air-cooled system cases.  Representative blowers were sized by using the required pressure rise and 

flowrate from the thermodynamic analysis to find commercially available blowers that would meet 

these needs.  The product line available from Ametek Technical & Industrial Products, a supplier of a 

variety of blowers including those specific for fuel cell applications, was taken as representative of the 

type that would be deployed in an actual system. 

For the pumps, water flowrate and required pressure head were calculated by the thermodynamic 

model.  Similar to the blower, appropriately-sized, commercially available water pumps from Ametek 

were used as representative of the size of pump that would be deployed in the actual system. 
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3.4 Electrical Load and Components 
The fuel cell size depends on the power load that it must serve, and the hydrogen tank depends on the 

amount of energy it must store to meet that given load for the specified time.  Because all other 

ŎƻƳǇƻƴŜƴǘǎ ƛƴ ǘƘŜ ǎȅǎǘŜƳ Ƴǳǎǘ ōŜ ǎƛȊŜŘ ǘƻ Ǝƻ ŀƭƻƴƎ ǿƛǘƘ ǘƘŜ ŦǳŜƭ ŎŜƭƭΩǎ ǊŜǉǳƛǊŜments, they also depend 

on the load.  Therefore, to find the system size and performance, it is necessary to specify the load for 

which it is designed.  Table 4 shows the nine load scenarios that considered in this study.  More 

information on each load can be found in Section 2.3 (galley), Section 2.5 (IFE), and Section 2.6 (peaker). 

The choice of distribution voltage and type (AC or DC) can impact the number and size of the wires 

required, so this must be determined before wire mass and volume is estimated.  Three possible 

distribution methods were considered: 

1. Low voltage (50 Volt) DC.  A DC system has the advantage of not requiring a DC-AC inverter and 

needs two wires compared to a three-phase AC system.  A voltage lower than 50 V provides 

safety and maintenance advantages.  However, wire diameters will be the largest of all options.  

The 787 does not currently have a 50 VDC distribution system (see Figure 7 in Section 2.6), so 

this option is mainly considered for stand-alone configuration (a dedicated fuel cell and load 

circuit independent of the existing electrical system). 

Table 4: The nine different load scenarios considered in this study. 

ID Load Description Maximum Electrical Demand Phases of Flight 

1 In-flight entertainment (IFE) 20 kW All 

2 Mid-galley 20 kW 
Initial taxi, takeoff and climb, and 

cruise 

3 Forward galley 40 kW 
Initial taxi, takeoff and climb, and 

cruise 

4 Aft galley 60 kW 
Initial taxi, takeoff and climb, and 

cruise 

5 All galleys combined 120 kW 
Initial taxi, takeoff and climb, and 

cruise 

6 Single peaker 75 kW Descent and landing 

7 Both peakers 150 kW Descent and landing 

8 
All galleys (5) and both 
peakers (7) 

150 kW 
120 kW during initial taxi, takeoff 

and climb, and cruise; 150 kW 
during descent and landing 

9 All loads (1, 5, and 7) 170 kW 

140 kW during initial taxi, takeoff 
and climb, and cruise; 170 kW 

during descent and landing, 20 kW 
during final taxi 
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2. High voltage (±270 Volt) DC.  This system has the advantage of being DC, but requires more 

attention to safety during maintenance than the 50 VDC system.  The 787 already has a ±270 

Volt distribution bus (see Figure 7) so this will not add any additional requirements and will 

allow the fuel cell system to tie directly into the existing system. 

3. 230 Volt AC.  This is the main electrical distribution bus on the 787 (see Figure 7).  While this 

system requires a DC-AC inverter, the electricity from the fuel cell sent to this bus can be used in 

all airplane loads. 

Table 5 shows the amperage requirements for the three options and the different possible loads.  The 

AC current calculations assume a 0.95 power factor.  Note that 3-phase AC power inherently requires 

less current per wire than equivalent DC power.  The 50 VDC option has very large currents, and high-

current DC may not allow application of proper switching and protection equipment.  Therefore, 50 VDC 

is eliminated from further consideration. 

Table 6 shows the appropriate wire sizes based on the design current.  It is assumed that an AC  

Table 5: Design current required for the three electrical distribution options.  The 50 VDC option would require currents that 

are too high for switching and circuit protection equipment. 

 
Design Current (150% Rated Amps) 

Load (kW) 50 VDC ±270 VDC 230 VAC 

75 2250 417 297 

60 1800 333 238 

40 1200 222 159 

20 600 111 79 

 

Table 6: Wire sizes for the 270 VDC and ±230 VAC distribution systems. 

±270 VDC Wire Selection 

Load 
(kW) AWG 

Number of 
Conductors 

lb per 
1,000 ft. Dia (in) 

75 4/o 2 486.8 1.238 

60 3/o 2 404.0 1.134 

40 1 2 216.7 0.81 

20 6 2 79.4 0.496 

230 VAC Wire Selection 

Load 
(kW) AWG 

Number of 
Conductors 

lb per 
1,000 ft. Dia (in) 

75 2/o 3 321.4 1.02 

60 1/o 3 258.4 0.91 

40 2 3 171.5 0.734 

20 6 3 79.4 0.496 
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distribution system will utilize the existing grounding bus running throughout the 787, so only three 

conductors are needed.  Note that there would be two 75 kW units for the Both Peakers load, resulting 

in a total of four conductors for the DC case and six conductors for the AC case. 

Because of the difference between the two system types (DC vs. AC), it is necessary to also consider the 

difference in equipment; that is, the size of the DC-DC converter for the DC system vs. the size of the DC-

AC inverter for the AC system.  Commercially available equipment was used to estimate these sizes.  For 

the DC-DC converter, we used an aviation-optimized 60 kW unit manufactured by AeroVironment has a 

specific power of 3.8 kW/kg and a power density of 2.8 kW/L [47].  For the DC-AC inverter, we used a 30 

kW transportation unit manufactured by US Hybrid has a specific power of 1.07 kW/kg and a power 

density of 1.12 kW/L [48].  These values were linearly scaled by the power of each load to find the sizes 

for this study. 

3.5 Piping and Tubing  
Gaseous hydrogen is assumed to be distributed at approximately 446 kPa (50 psig) by stainless steel 

(type 316L or 304L) seamless tubing with a low pressure drop over the length of the run.  This resulted in 

nominal tubing sizes of ½-inch and ¾-inch OD (outside diameter).  Standard tubing wall thicknesses of 

0.035 inch and 0.045 inch for the ½-inch and ¾-inch diameter tubing, respectively, were used.  This 

provides a minimum design pressure of 13,890 kPa (2,000 psig).  Although this is well above the 

intended distribution pressure, it provides a safety margin in case of regulator failure, and mitigates the 

effect of possible tubing wear in the high-vibration environment of an airplane.  As customers and 

passengers feel more comfortable with hydrogen safety, it may be reasonable to reduce the wall 

thicknesses or possibly switch to a non-metallic tubing to optimize the weight. 

Supply and exhaust air streams are assumed distributed by 4-inch (nominal diameter) PVC ducts, and 

water by ¾-inch (nominal diameter) nylon-reinforced silicone tubing.  Either medium could be used to 

transfer heat from the fuel cell to the heat load, but preliminary analysis revealed that conveying heat 

via hot water greatly reduced the weight and volume of the piping compared to using hot air.  

Furthermore, heat exchangers and fans/pumps are more efficient when handling water.  For these 

reasons, conveying heat via hot air was rejected and not considered in any further analysis. 

The size of the regulator is taken to be 0.6 L (36.6 in3) and weigh 2.3 kg (5 lb).  Each hydrogen tank is 

assumed to have one regulator, and to find the number of regulators required, it is assumed that the 

maximum capacity per tank is 7 kg (15.4 lb). 

3.6 Fuel Cell Waste Heat Recovery Options  
The PEM fuel cell generates two streams of waste heat.  One is the exhaust of oxygen-depleted air after 

it passes through the electrochemically active portion of the stack (the cathode), and the other is the 

hot liquid in the cooling loop that is used to maintain stack temperature at an acceptable level.  In this 

study, the stack was assumed to operate at 70°C (158°F) meaning that both the air and hot cooling 

water are expected to come out at this temperature.  The cooling water carries a significantly higher 

proportion of the heat load: over 90% of the total heat rejected is through the cooling water.   
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The fuel cell also releases a small amount of hydrogen.  In modern stacks this amount is so small that it 

is safely mixed with the oxygen-depleted air within the fuel cell module and released with that stream.  

One additional concept that was considered is taking this small amount of hydrogen and, instead of 

combining it with the air exhaust, burning it in a combustor to create a high-temperature waste heat 

stream.  Because the combustor would realistically need to be located in the fire-rated tail section, the 

application of this concept is limited to the heat loads in the rear of the aircraft. 

The remainder of this section describes the places on the airplane that may be able to utilize fuel cell 

waste heat, and options for fuel cell system configurations that supply varying degrees of waste heat. 

3.6.1 On-board Uses of Waste Heat 

There are few places on the airplane that require heat.  The largest load is for wing de-icing.  On the 787 

this is handled by electrical resistance heaters on the leading edges of the wing, with an electric demand 

of 30-85 kW per wing3.  While heating the leading edges with hot air is common on commercial aircraft, 

doing this on the 787 using the hot air derived from fuel cell waste heat would require a significant re-

design of the wing.  Therefore, this potential use of waste heat was not considered. 

In the cabin, there are three uses of heat: (1) hot water for washing in lavatories and galleys, (2) hot 

water for beverages, and (3) food service ovens.  Low-grade waste heat from the fuel cells could provide 

wash water at an acceptable temperature (45°C, 115°F), and could pre-heat the beverage water and/or 

the food service ovens.  The high temperature waste heat concept (burning the hydrogen, described 

above) could be constructed using a hydrogen-fueled furnace arrangement, with the resulting hot air 

stream used to fully heat the galley ovens, completely replacing their electrical needs.  (The 

effectiveness of this concept is analyzed for the rear galley ovens as Case 5 in this report, see Section 

6.1.) 

It should be noted that the air conditioning needs of the cabin are entirely cooling-related, as the heat 

released from passengers is in excess of that naturally lost to the surroundings.  This effect is 

compounded in the 787 due to its all-composite fuselage which is more insulating than the traditional 

aluminum structure.  The transition to the more electric airplane architecture has also added heat loads 

in the form of the inefficiencies of increased electronics and power handling equipment.  In fact, the 787 

differs from other commercial airplanes in that it employs a liquid cooling loop extending throughout 

the fuselage to help reject the large amount of generated heat (see Section 2.2).  

If liquid hydrogen (LH2) storage is used, it is required to add heat to the storage tank to maintain the 

pressure at a level high enough for fueling and to pre-heat the hydrogen from its 20 K (nominal) storage 

temperature to that usable by the fuel cell.  As an example, simulation results (described in Chapter 6) 

show that a 20 kW fuel cell system requires approximately 345 g/s (2740 lb/hr) of hydrogen gas.  

Thermodynamic calculations reveal that this flow rate requires 1.22 kW to heat the hydrogen from 20 K 

to 300 K (-424°F to 80°F), and an additional 0.12 kW of heat is needed to maintain the storage tank 

pressure (using data from Ahluwalia et al. [35]), for a total of 1.34 kW of heat required.   The 20 kW fuel 

cell module produces approximately 20 kW of waste heat, so using some of this heat to pre-heat the 

                                                           
3
 Conversation with Joe Breit of Boeing, July 21, 2010. 
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cold hydrogen fuel is ōŜƴŜŦƛŎƛŀƭ ŦǊƻƳ ŀ ǎȅǎǘŜƳ ǎǘŀƴŘǇƻƛƴǘΣ ŀǎ ƭŜǎǎ ƻŦ ǘƘŜ ŦǳŜƭ ŎŜƭƭΩǎ ǿŀǎǘŜ ƘŜŀǘ ƴŜŜŘǎ ǘƻ 

be rejected to the surroundings.  However, the heat requirement is small compared to the amount of 

waste heat the fuel cell produces (approximately 7% of the waste heat is needed), and the heat 

exchangers required for this will add to the system weight and volume.  Thus, the overall effect of using 

the waste heat to warm the hydrogen gas from the liquid hydrogen supply system is ignored in this 

work. 

A remaining usŜ ƻŦ ƘŜŀǘ ƛǎ ǘƻ ƘŜŀǘ ǘƘŜ ŀƛǊǇƭŀƴŜΩǎ ǇǊƻǇǳƭǎƛǾŜ ŦǳŜƭ όWŜǘ-A).  Any addition of heat to the fuel 

will decrease the amount of fuel burned by the engines, resulting in an efficiency gain.  Military aircraft 

commonly use this strategy with a variety of on-board heat sources, while on commercial airplanes the 

practice is common within the engines themselves, where the fuel is pre-heated by the engine oil.  The 

only drawbacks are a slightly higher pressure drop in the fuel system due to the heat exchangers, and 

the danger of volatilizing the fuel if its temperature becomes too high.  The former problem can be 

easily solved by appropriately sizing the fuel pump.  For the latter issue, simulation results in this work 

reveal that for a 20 kW fuel cell system and the flight-averaged Jet-A flowrate of 1.26 kg/s (24.9 gpm), 

the fuel temperature would increase by about 7 °C (13 °F).  For a 170 kW fuel cell, the fuel temperature 

would increase be about 54 °C (97 °F).  Jet-A begins to boil at approximately 200 °C (392 °F) [49], so Jet-A 

volatilization should not be a concern except for much larger fuel cell systems. 

3.7 Location Options  for On-board Fuel Cell Systems 
There are five main location categories that were considered in this study: 

1. Fuel cell and hydrogen near load (base case) 

2. Fuel cell and hydrogen in fairing ƻǊ άǇŀŎƪ ōŀȅέ 

3. Fuel cell and hydrogen in tail 

4. Hydrogen in the fairing, fuel cell at the loads 

5. Hydrogen in the tail, fuel cell at the loads 

A dimensioned outline of the 787-8 is given in Figure 15 showing each of these locations. 

The issues influencing the choice of the optimal location of a fuel cell are: 

1. Available space on the airplane 

2. Safety of the installed systems 

3. Tubing, ducting, and wiring mass and volume  

4. Fuel cell waste heat recovery 

5. Rejection of waste (warm and moist air from the cathode, condensed water, hot coolant, and/or 

excess hydrogen) 

These factors are described below, along with the screening procedure 

3.7.1 Available Space on the Airplane  

There are two locations on the airplane where there is a significant amount of empty space due to the 

aerodynamic requirements of the airplane shape: the fairing (where the wing joins the body) and the tail 

cone.  These two locations have the advantage of being able to host excess equipment volume without 

compromising interior space or changing the external shape. 
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Figure 15: Dimensioned outline drawing of the 787-8, showing location of the loads and options for the fuel cell and 

hydrogen storage.  Dimensioned drawing (without locations) from [11]. 
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